Active polyamine metabolism occurs in Glycine max (L.) seeds during development. Most (:97%) of putrescine (Put), spermidine (Spd), spermine (Spm), and cadaverine (Cad) are present as free forms in the growing embryo. In the cotyledon or embryonic axis, Put gene(s) and/or formation ofa-amylase in isolated barley aleurone layers (8).
Recent studies have indicated that polyamines (Put, Spd, and Spm)2 which are widely distributed in nature may be related to or involved in plant growth and development (5, 12 (4, 10) and developing tomato (Lycopersicon esculentum L.) fruits (3) .
However, the precise roles of polyamines in the processes of embryogenesis and fruit or seed development have not yet been clarified. Polyamines act in the cells as organic cations at physiological pH. Studies primarily with microorganisms and mammalian cells have yielded supporting evidence for participation of polyamines in protein synthesis (14) and enzyme regulation (6) . In higher plants, the gene(s) and/or formation ofa-amylase in isolated barley aleurone layers (8) .
To examine possible roles of polyamines in seed development, we have chosen soybeans for two major reasons. First, mature soybean seed apparently contain a high level of Cad (15) , particularly in the embryonic axis (16) . Our preliminary results indicate that the content of Cad in the embryonic axes of soybean seeds is unusually high (0.1% of the axis dry weight) as compared to other crop seeds (7) . Thus, it would be important to know at what developmental stage ofthe embryos Cad is synthesized and accumulated, and ofwhat possible physiological significance Cad synthesis and accumulation is to the embryonic development and seed viability. Second, unlike many plant species, regeneration of soybean plants from cell or tissue culture via somatic embryogenesis appears to be difficult at present. Study of the role of polyamines in the development and growth of soybean embryos, particularly the embryonic axes, may provide new insights into problems related to somatic embryogenesis of soybeans in culture. Accordingly, we have examined polyamines and their titers in the embryonic axes and cotyledons of both field-and greenhouse-grown soybeans during seed development. Experiments have also been conducted to alter the seed growth pattern during cell expansion to study the relations ofpolyamine level to seed maturation and seed viability.
MATERIAILS AND METHODS
Biological Material. Soybean (Glycine max L. Merr.) cv Miles and Williams were planted in late May of 1981 May of , 1982 May of , and 1983 at the Agricultural Experimental Farm of the University of Kentucky in Lexington, Kentucky. The seeds were sown in a field where soybeans had been grown in previous years and conventional management practices were followed. In early August of each year, pods containing embryos of the appropriate size were selected (tagged or marked) by looking through young pods against sunlight. Seed (Fig. 1B) . The total polyamine in the cotyledons accounts for about 0.02% of the cotyledonary dry weight. Trace amounts of Agm are present in the cotyledons, but the amounts of this amine, the immediate product of decarboxylation of L-arginine, in the axis could not be accurately determined by the HPLC system because of interference of its resolution by the presence ofother UV absorption compounds. Thus, on a dry weight basis, the polyamine content in the axis is 10 times greater than that in the cotyledons.
The observation that the embryonic axes of Miles soybean seeds contain a high level of Cad led us to ask whether it is a common feature of all soybean genotypes and whether it is unique to soybeans. Embryonic axes from mature seeds of selected soybeans having differences in genetic background were analyzed for their polyamine contents and compared to that from other crop seeds. Figure 2A . To obtain embryos of appropriate size for study, the first sample of developing seeds was collected about 15 d after anthesis. At this stage, the seeds are about to enter the cell expansion phase. Figure 2B shows the growth of embryonic axes (-0.14 mg-axis-' *d-'), which is parallel with the growth of seeds or cotyledons (-7 mg*seed-' *d-'). Both the embryonic axis and cotyledon reach their physiological maturity ( (Fig. 3B ).
In the embryonic axis, the Spd level also increases (20-fold) from about 0.2 ,umol to 4.1 mol/g dry weight during maturation (Fig. 3C) . The increase in the Spd level is parallel with the increase in dry weight accumulation in the axis. Spm level in the axis slightly increases from about 0.05 tmol to 0.9 gmol/g dry weight during maturation. The increases in the levels of Spd and Spm, however, are not accompanied with proportional changes in the level of Put which is barely detected in the growing embryonic axis. Apparently, the majority of Put formed in the embryonic axis during maturation is converted to Spd.
Cad is synthesized and accumulated in the embryonic axis during the late phases of cell expansion or maturation (Fig. 3C) . The accumulation of Cad occurs at the time when the axis approaches its physiological maturity. Cad is accumulated at a maximum rate of 0.85 nmol-axis'.d-' until the moisture content in the axis or seed is reduced to a minimum of about 12%.
In the mature embryonic axis, Cad represents about 0.1% of the dry weight. Similar TIME (days) TIME (dJmaturity (Fig. 4) the embryonic axis during maturation (Fig. 6) . As with seed dry weight, the synthesis and accumulation ofCad in the axis during maturation is ceased almost immediately following the treatment (Fig. 6A) . The control plants accumulate Cad in the embryonic axis at 2 nmol.axis'Id-I until dehydration. The maximum rate of Cad accumulation in the growing embryonic axis of greenhouse-grown McCall soybean is 2.4 times greater than the observed rates for field-grown soybean cv Miles.
Effects of the Defoliation and Shade Treatment on Seed Viability. All the soybean seeds detached from pods at the time of defoliation are able to germinate within 3 d on water-moistened filter paper despite the fact that the seeds have just reached 60% oftheir maximum dry weights and are at 65% moisture content. Additionally, all of the seeds removed from the defoliated and shaded plants at various times after the treatment are also capable of germination.
DISCUSSION
Active polyamine metabolism occurs in developing soybean seeds and changes in content of selected polyamines are associated with and possibly related to biochemical events in a particular phase of embryonic development and growth. Morphological studies have shown that as soybean seed develops following fertilization, the formation of a club-shaped embryo occurs at about 3 d and the initiation of the cotyledons at about 6 to 7 d (13) . This is a result of continuous cell division and differentiation following the first division ofthe zygote. By about 14 d after ferilization, when the first immature seed samples were taken for analysis of polyamine content in this study, the embryo has a determinant form of structure containing an axis and a pair of cotyledons. The embryo at this stage is about to begin cell expansion and dry weight accumulation (Fig. 2, A and B) . It has been shown that formation of some storage lipids and protein globules begins at about 15 to 18 d after fertilization (2) . Thus, the polyamine titers in the cotyledons and the axis examined in this study were measured primarily during the cell expansion and maturation phases of embryonic development. TIME (days) 10 
30
T I ME (days) Cad is formed in the embryonic axes of soybean seeds via enzymic decarboxylation of L-lysine (9) . During seed development, the majority of free L-lysine for Cad synthesis in the embryonic axis apparently comes from the leaves as judged by the observation that the Cad synthesis and accumulation ceased almost immediately after the defoliation and shade treatment (Fig. 6) . However, effects of the treatment other than on supply of L-lysine cannot be totally excluded. Soybean seeds obtained from the defoliated and shaded plants are capable of precocious germination, indicating that the Cad level in the embryonic axis may not be an important factor in the determination of soybean seed viability. Decarboxylation of L-lysine via lysine decarboxylase is a biodegradative process. It has been suggested that the production of biodegradative decarboxylases is a defense mechanism against low environmental or intracellular pH (11) . Comparison of polyamine content in the embryonic axes of either mature or immature (growing) seeds of some selected plant species (Table I) indicates that the accumulation of Cad in embryonic axis appears to be unique to soybean seeds.
